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A method is described for the generation of unstructured grids for complex three-dimensional geometries includ-
ing multibody domains. A combined octree-advancing front method is presented for generation of the unstructured
surface mesh as well as the tetrahedral volume mesh. The unique feature of this generator is that a special octree
provides the local length scales of the mesh, which can vary significantly. This octree is automatically created and
eliminates the need for a user-constructed background mesh to determine the grid-spacing and stretching param-
eters. The grid generator is robust, is geometry independent, and requires minimal user interaction. A technique is
also presented for generation of anisotropic surface meshes that result in a significant reduction in the number of
triangular faces. Automatic local remeshing is also employed to improve the quality of the tetrahedral mesh. The
geometry independence of the octree-advancing front method is demonstrated through both surface and volume
meshes generated around different complex three-dimensional configurations. The robustness and flexibility of the
method is demonstrated through generation of both an all-tetrahedral mesh and the tetrahedral part of hybrid
prismatic/tetrahedral grids for viscous flows. The scalability of the generation time is shown through generation
of different meshes around the same geometry with various levels of coarseness. Finally, the suitability of the un-
structured grids for flow simulations is demonstrated through viscous flow simulations around a high-speed civil

transport type of aircraft configuration using a hybrid prismatic/tetrahedral mesh.

I. Introduction

NSTRUCTURED grids have emerged as a viable method
for three-dimensional geometric modeling because they can
cover complicated topologies easier compared to their structured
counterparts! — The lack of structureallows complex geometriesto
be gridded in single blocks. The three main approaches of unstruc-
tured grid generation are Delaunay methods,® —® advancing front
methods,*»*% 1% and octree-based techniques.''-'> Work has also
been done recently to combine the first two approaches !~
In the Delaunay approach, a satisfactory mesh requires that no
tetrahedron contains a point other than its four forming vertices
within its circumsphere. Advantages of the method lie in its effi-
ciency, and the fact that a valid grid can always be achieved. How-
ever, such gridsdonot conformto the boundarysurface triangulation
without special boundary face recovery steps. Also, round-offerrors
in Delaunay approachestend to be largerthan in otherapproaches.!
The octreeapproach is based on recursive subdivisionof a master
hexahedronthat encompasses the entire domain to be gridded. Sub-
divisiontakes place untilthe size of the refined octantsis on the order
of the local edge lengths on the boundary surface. Octree-based ap-
proaches are the fastest of the three unstructured grid-generation
techniques. The algorithms are simple to code, and the generated
grids provide a naturally smooth variation in cell sizes. The main
problem with the method, however, is interfacing the octants with
the boundary surface. Although this can be done, it often results
in poor-quality meshes close to the surface. This method can also
result in a very large number of elements for a given geometry.
Advancing front grid generators use the initial boundary surface
triangulationas a starting point and create tetrahedra away from it.
This is done by connecting each face of the boundary with either a
newly formed or an already existing point to forma tetrahedron.The
list of faces on the front is continually modified, and the generation
is complete when no faces remain on the list. A main feature of this
approach is that boundary integrity is guaranteed. This is important
for hybrid meshes where the initial surface triangulationis the outer

Received Dec. 23, 1995; revision received Jan. 27, 1996; accepted for
publication March 3, 1997. Copyright 997 by the American Institute of
Aeronautics and Astronautics, Inc. All ts reserved.

+Graduate Research Assistant, Department of Aerospace Engineering and
Engineering Mechanics. Member ATAA.

T Associate Professor, Department of Aerospace Engineering and Engi-
neering Mechanics. Senior Member AIAA.

976

prismatic surface, and this surface must be matched exactly for a
valid hybrid grid.!*=% Maintaining the boundary integrity is an im-
portant advantage of advancing front approaches over octree and
Delaunay approaches when hybrid prismatic/etrahedral grids are
required. Furthermore, there must be a smooth transition in terms
of element sizes from the prismatic to the tetrahedral regions of
the hybrid mesh. The advancing front method is well-suited to this
task as well because it is relatively easy to control the placement
of new points to ensure a smooth transition. The method can yield
good-quality meshes because it allows direct control of the point
placement. However, a key problem in advancing front approaches
is determinationof the local size and stretchingof the cells in the do-
main. Inthe past, thistask has been undertakenby a user-constructed
backgroundmesh.>#:2! Creation of the back groundmesh is usually
very time-consumingand requiresa lot of user interaction. A recent
development is the use of sources to specify local point spacing,!
but this method also requires user interaction. A new variationof the
advancing front procedure that generates elements through iterative
point insertion into an initial mesh requires no background mesh.
This method, however, uses an initial mesh that, in specific cases,
may require extensive user interaction to generate.’

A new method to control the size and stretching of the unstruc-
tured mesh is presented here. The main feature that is different
from previous advancing front generators is that it does not require
a user-constructed background mesh for determination of the grid
spacing and stretching parameters. A special octree is constructed
via a divide-and-conquermethod of the space enclosing the entire
domain. The grid spacing is then determined based on the size of
local octants that form the octree. This new method providesa grad-
ual variation in cell sizes throughout the domain. The creation of
the octree is robust, automatic, and geometry independent. Another
feature of the octree method is efficiency; the octree data structure
provides an efficient way to search to find local size information
at a particular point in the mesh. This octree is proven to be very
flexible in providing local length scales that can vary by orders of
magnitude for typical viscous flow simulations. Furthermore, it al-
lows a smooth variation of the grid element sizes. Finally, the octree
unifies surface and volume mesh generation.

Previous surface mesh generation has focused primarily on gen-
erating isotropic grids. By ignoring the inherent directionality in
both the flow and the geometry, isotropic meshes need an inordi-
nately large number of faces to covera given geometry. Anisotropic
meshes with triangular faces aligned with the directionality of the
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flow and/or the geometry offer a substantial savings in the number
of faces required for a given simulation. The leading and trailing
edges of a wing are good examples of areas that exhibit strong
directionality and are prime candidates for anisotropic meshes.
Previous methods for generating anisotropic meshes have relied
heavily on specifying directions and spacings at certain points in
a coarse background mesh and interpolating between the specified
points*?? or have generated isotropic surface meshes and utilized
directionalrefinement to produce anisotropic grids.* An extension
to the background grid approach uses curve and line sourcesto gen-
erate anisotropicelements.?* The extension of the octree method to
anisotropic meshes presented here is robust and provides a simple
way of specifyingthe desired directionality for a mesh. The method
allows for smooth transition between anisotropic and isotropic re-
gions of the triangulationas well as simple controlover the direction
and strength of the anisotropy.

Surface meshes as well as tetrahedral meshes for hybrid grids are
generated for a high-speed civil transport (HSCT) aircraft configu-
ration, a turbine blade with narrow tip clearance, and a partial-flap
wing geometry. The octree-advancing front method is shown to be
effective for generatingboth surface and volume meshes for each of
the configurations considered. Results of a viscous flow simulation
onthe HSCT configuration are also presented as a demonstrationof
the effectiveness and suitability of the generated hybrid grids.

II. Octree-Advancing Front Method

A combined octree-advancing front method is used to generate
the unstructured grid. Advancing front types of methods require
specification by the user of the distribution of three parameters over
the entire domainto be gridded. These field functionsare 1) the node
spacing, 2) the grid stretching, and 3) the direction of stretching. By
using the octree-advancing front method, these parameters do not
need to be specified. Instead, they are determined via an automat-
ically generated octree. There is no need for a special background
mesh, which has been the backbone of previous advancing front
generators>* Construction of this back ground mesh requires user
intervention and benefits from the optional solution of a Poisson
equation, which can be expensive?® The octree, on the other hand,
is generated with minimal user inputand is an efficient data structure
to use to extract the mesh parameters.

The octree data structure is similar to earlier data structures used
for search operations during the grid generation process.?® The
divide-and-conquer process starts with a master hexahedron that
contains the body. This hexahedron is recursively subdivided into
eight smaller hexahedra called octants. Any octant that intersects
the body is a boundary octant and is subdivided further (inward re-
finement). The subdivisionof'a boundaryoctantceases when its size
matches the local length scale of the geometry. The choice of the lo-
cal length scale depends on the particular application of the octree.
The length scale can be chosen to be local prism thickness, edge
length, or curvature. This flexibility allows the same octree creation
technique to be used for many different unstructured applications.

Then, the hexahedral grid is further refined in a balancing pro-
cess (outward refinement) to prevent neighboring octants whose
depth differs by more than one. Outward refinement is performed
to ensure that the final octree varies smoothly in size away from
the original surface. The sole criterion for outward refinement is a
depth difference greater than one between the octant itself and any
of its neighbors. The outward refinement continues until no octants
meet the refinement criterion. Typically, five sweeps are performed
to produce a balanced octree.

Two important features of the octree-advancing front method are
its capability to match disparate length scales and its geometry in-
dependence. The octree is able to ensure a smooth size transition
over the large range of length scales that are present in a viscous
mesh. The octree is also able to be used for many different types of
geometries with minimal user interaction.

A. Disparate Local Length Scales

Octree refinement is terminated when the size of a boundary oc-
tant is the same size as the local length scale of the geometry. This
locallengthscale dependson the currentapplication. Three different

applications are considered in the present work; namely, surface
mesh generation, tetrahedral mesh generation for hybrid grids, and
all-tetrahedral mesh generation.

For surface mesh generation, the local length scale is determined
by the local curvature of the geometry. An isotropic surface trian-
gulation is used to approximate the curvature by calculating angles
between adjacent faces. The local length scale is proportionalto the
angle between the faces. This length scale is small in areas where
the curvature is large, i.e., the trailing edge of a wing, and large
where the geometry is flat. Figure 1 demonstrates the octree for a
partial-flap high-lift wing with clusteringat midspan for demonstra-
tion purposes. The contour lines on the surface correspond to the
local length scale of the geometry. Note how the octants intersect-
ing the surface vary in size according to the local length scale and
how they also smooth the abrupt size transition from high-curvature
regions to flat regions.

The distance between surfaces is another length scale used for
surface mesh generation. The local length scale is proportional to
this distance. This allows for automatic clustering in regions where
surfaces are in close proximity. Figure 2 demonstrates the effect of
this clustering. The spheres on the left have a total of 2068 faces
and the spheres on the right, which are one-tenth the distance apart,
have 3853 faces. Note that the increase in the number of faces takes
place only in the narrow gap between the spheres.

For hybrid prismatic/etrahedralmesh generation, the local length
scale is simply the local thickness of the last prismatic layer. This
will ensure that the size of the tetrahedra in the direction normal to
the outer prismatic surface is the same as the height of the neigh-
boring prisms. This smooth transition in size from the prisms to the
tetrahedra is important for accuracy of the numerical method. The

Fig. 1 Octree along three plane cuts for a partial-flap high-lift wing
with clustering at midspan. Contour lines correspond to the local length
scale of the geometry, which changes abruptly.

Fig.2 Spheres in close proximity. Spheres on the left are made up of
2068 faces, and spheres on the right have 3853 faces and are one-tenth
the distance apart.
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Fig.3 HSCT configuration with engines.

Fig. 4 Plane cut of an octree mesh for the HSCT aircraft that shows
how the octree matches the local thickness of the final prismatic layer.
(Every third layer of the prismatic mesh is shown.)

surface geometry of the HSCT aircraft is shown in Fig. 3. Figure 4
shows a plane cut of an octree mesh for this geometry. Note how the
size of the octants intersectingthe surface matches the thickness of
the last prismatic layer, even in the region near the engine where the
last prismatic layer is several orders of magnitude thinner than its
size away from the engine. Finally, for an all-tetrahedralmesh, the
locallength scale is the local edge length of the originaltriangulated
surface.

In any of these mesh generation applications, a user can also
specify areas of the mesh for clustering. For instance, if a user
knows a priori where a shock will form, points can be clustered
in that region. User-specified clustering is optional and all of the
length scales previously mentioned will generate an adequate mesh
automatically. Figure 5 shows a two-dimensionalexample of a user-
specified clustering in the wake region of two tandem cylinders.

B. Geometry Independence of the Octree

The geometry independenceof the octree is demonstratedthrough
its application to both the HSCT aircraft with an engine and the
partial-flap wing. Each of these geometries is complex and demon-
strates the capability of the octree in adapting to different geometry
features. The HSCT aircrafthas a cavity between the engine and the
wing; the partial-flap wing has two different thin gaps between the
flap and the wing. Figure 4 shows a plane cut of the octree around
the engine of the HSCT. The octants in the cavity between the wing
and the engine are much smaller, and they match the local thickness
of the outer prismatic layer. Note that, for clarity, only every third
layer of the prismatic mesh is shown.

Figure 6 shows a plane cut of the octree around the partial-flap
high-lift wing taken at midspan of the flapped region. The octants in
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Fig. 5 Two-dimensional mesh for two cylinders in close proximity.
Point distribution in the wake region of the second cylinder is caused by
a user-specified clustering.

H_‘{
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Fig. 6 Plane cut of an octree mesh for the partial-flap high-lift wing
at midspan of the flapped region showing how the octant sizes match
the local thickness of the final prismatic layer. (Every third layer of the
prismatic mesh is shown.)

the gap between the flap and the main airfoil are smaller than those
out of the gap and match the local thickness of the outer prismatic
layer accurately. Note that, for clarity, only every third layer of the
prismatic mesh is shown.

Note that the octree for each of these cases was generated with
minimal user interaction.

C. Octree Guides Advancing Front Mesh Generation

The advancing front volume grid generation starts from the sur-
face of the body or the outermost prismatic surface for the case of a
hybrid grid. The triangular faces of this surface form the initial front
list. A face from this list is chosen to start the tetrahedra generation.
Then, a list of points is created that consists of a new node as well as
of nearby existing points of the front. One of these points is chosen
to connect to the vertices of the face. Following the choice of the
point, a new tetrahedronis formed. The list of the faces, edges, and
points of the front is updated by adding and removing elements.
The algorithm followed in the present work is the one presented in
Ref. 4. The method requires a data structure that allows for effi-
cient additionfremoval of faces, edges, and points as well as for fast
identification of faces and edges that intersecta certain region. The
alternating digital tree algorithm is employed for these tasks.?’

The tetrahedra that are generated by this octree method grow in
size as the frontadvances away from the original surface. Their size,
the rate of increase of their size, and the direction of the increase are
all given from the octree. The octants are progressively larger with
distanceaway fromthe body. Theirsizesdeterminethe characteristic
sizeof the tetrahedrathatare generated in their vicinity. This method
is flexible and can be used to generate tetrahedra around different
types of geometry.
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Fig. 7 Effect of the octree on growth of the tetrahedra for the HSCT
aircraft geometry. View of the octants (quadrilateral faces) as well as
of the tetrahedra (triangular faces) on the symmetry plane. Growth of
the tetrahedra away from the outermost prism surface follows growth
of the octree quite faithfully.

Fig.8 Field cut of a tetrahedral mesh for the HSCT aircraft generated
by the octree-advancing front method.

Figure 7 illustratesthe symmetry plane of the HSCT configuration
without the engine. The quadrilaterals (dark lines) correspond to
the faces of the octants on this plane, and the triangles (light lines)
correspond to the faces of the tetrahedra. It is observed that the
size of the tetrahedra, as well as the stretching of the mesh and the
direction of stretching, is guided quite accurately by the octree.

The octree-advancing front method can also be used to create
meshes for inviscid simulations. Given an initial surface triangula-
tion, the octree is refined until the boundary octants match the size
of the local surface triangulation. Figure 8 shows a field cut of an
all-tetrahedralmesh around the HSCT with engines. The octree has
effectivelymatched the edge lengths of the surfacetriangulationand
smoothly guided the sizes of the tetrahedra generated.

The surface mesh generation proceeds in the same manner as the
tetrahedralmesh generation,except that surface triangles are gener-
ated from an initial front made up of edges.* The surface geometry
is treated as a patchwork of panels. Structured surface grids are used
to approximate the surface. Ferguson patches are then formed from
these structured grids. A conversion tool has been written to auto-
matically convert Initial Graphics Exchange Specification (IGES)
format CAD files to the structured grids for use in the surface grid
generator. Boundary segments along the sides of each panel are dis-
cretized first by usingthe octree to controlthe pointdistribution. The
interior of each panel is then filled with triangles, using the same
octree for each panel to ensure smooth size transitions across panel
boundaries. New trianglesare generated by using either already ex-
isting points or new points generatedon the surface with information
from the octree. The octree allows for a smooth transition in size
on the surface from areas where the trianglesare small (i.e., trailing
edge) to areas where the triangles are larger. Figure 9 shows how

Fig.9 Octree along three plane cuts for a partial-flap wing with user-
specified clustering at midspan and the corresponding triangular mesh
generated by using this octree.

the octree guides the size of the triangular mesh for the partial-flap
high-lift wing. Note how the triangular mesh is much more dense
near the leading and trailing edge of the flap where the octants are
smaller. Also, note that this is the same octree shown in Fig. 1. These
two figures show how the local length scale information is used to
generate the octree and how the octree is used to generate a surface
triangulation. The generated surface mesh matches the local length
scales but has a smooth transition in size from the dense areas of the
mesh to the coarse areas.

The advancing front method createsa new element by connecting
each face or edge of the current front to either a new or an existing
node. This new point is found by using a characteristicdistance, J,
which is calculated from the size of the local octant to which the
face of the front belongs. Specifically,

5= ast"—! (1)

where o is a scaling factor, st is the stretching parameter, /, is the
total number of octant levels, and / is the level of the local octant.
The value of s¢ controls the rate of growth of the mesh. The lower
the value of s, the less the mesh increases in size away from the
body. A typical value of the stretching parameter st is 1.8. The level
[ of the local octant is the number of subdivisions of the master
octant required to get to the size of the local octant.

For hybrid mesh generation, smooth transition in size from the
prisms to the tetrahedra is important for accuracy of the numerical
methods. The value of the scaling factor aris calculated so that the
initialmarchingsize (9) of the tetrahedraequalsthe local thicknessof
the outermost prismatic layer. This feature allows smooth transition
in size from the last layer of prisms into the tetrahedral region.

For surface mesh generation, cccan be varied to generate different
meshes with the same octree. Higher values of aresult in coarser
meshes with the same size variation, and lower values of « yield
finer meshes. Figure 10 shows two different meshes for the HSCT
generated by using the same octree to control the spacing but dif-
ferent values of o The top mesh has 4401 triangular faces, and the
bottom mesh has 20,106 faces. Note that even with 4401 faces, all
of the geometry details have been captured.

D. Anisotropic Surface Meshes

The octree-advancing front method can also create anisotropic
surface meshes. Anisotropicmeshes are useful in reducing the num-
ber of triangular faces needed to capture all the flow features in a
simulation. Allowing high-aspectratio trianglesaligned with geom-
etry and flow features in regions that exhibit strong directionality
enables a substantial savings in number of both surface and volume
grid elements. A user needs only to specify the following: 1) a line
segment that defines the direction of stretching of the mesh, 2) the
aspectratio 4 R of the triangles desired along that line segment, and
3) the area of influence d,,x of the line segment. Examples of such
line segments include the leading edges, trailing edges, and engine
inlets. The method for generatinganisotropic meshes starts with the
size Q, given by the octree and augments it with the perpendicular
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Fig. 10 Two surface meshes for the HSCT aircraft generated by using
the same octree. Top mesh has 4401 triangular faces, and bottom mesh
has 20,106 faces.

distance d from the user-specified line segment. The local mesh size
is now characterized by three sizes, &, &, and &, given by

(i = Cxa)cl 62 = a)cl 6% = a)cl (2)
with
c = [(AR_ 1)/dmax]d+ AR (3)

where & is the size of the mesh in the direction of the line segment
and & and & are the sizes of the mesh in directions perpendicular
to the line segment and perpendicular to each other. The method
is flexible and robust, using multiple line segments at different lo-
cations and directions to define directionality on different parts of
the surface. Furthermore, it provides a smooth transition between
regions of different directionality.

Figure 11 showsa surface mesh onthe ONERA M6 wing with two
user-defined line segments: one on the inboard half of the leading
edge with 4 R= 10 and another on the outboard half of the trailing
edge with 4AR= 5. Note the smooth transition from the anisotropic
regions to the isotropic areas between the two areas of high AR
faces. Furthermore, the octree yielded smaller faces at the leading

Fig.11 Two staggered regions of directional mesh on the surface of the
ONERA M6. The first line segment is along the inboard half of the lead-
ing edge, and the second is along the outboard half of the trailing edge.
Note the smooth transition between anisotropic and isotropic regions in
the mesh.

edge compared to the trailing edge. Use of high AR faces results
in a significant reduction in the number of triangles and tetrahedra.
Figure 12 shows both an isotropic surface mesh for the M6 wing
and an anisotropic mesh created with line segments extending over
the entire leading and trailing edges with the same aspect ratios as
the previous mesh. The isotropic mesh has 39,290 faces, and the
anisotropicmesh has 6333 faces while maintaining the same chord-
wise point density obtained from the same octree. These meshes
show the 6.2:1 reduction in number of generated faces when an
anisotropic method is used. This reduction in faces leads to a sub-
stantial reduction in the number of elements of the corresponding
volume mesh.

E. Automatic Partial Remeshing

Grids generated by an advancing front type scheme can contain
regions of low quality within the mesh domain. These low-quality
regions must be altered before the mesh can be used with a flow
solver. A method for improving low-quality regions has been de-
veloped. This method removes low-quality regions from the mesh
and fills the resulting cavities by using the same advancing front
generator on the new front defined by the surface of these holes.

To properly define the low-quality regionsof the mesh, the quality
ofa givenregionmust be quantified. The measure used in the present
work is the volume ratio of the two tetrahedra sharing each face,
R = Vol,,,/ Vol,;,. Large values of R indicate a very stretched
mesh. If R = 1, the mesh is locally uniform.

Oncethe low-qualityregionsof the mesh have been located by the
quality measure R, these regions must be removed from the mesh.
For each face with a value of R greater than a user-specified value
R;p, a cavity is opened around the low-quality region by removing
tetrahedra. The radius of the opened cavity is dependenton the local
length scale of the mesh.

After cavities have been formed around each of the low-quality
regions of the mesh, the exposed triangular faces inside the cavities
are put together to form a new initial front. Then, the advancing
front generator refills the cavities with better quality tetrahedra.
This process of cavity definition and cavity remeshing is repeated
until a specific level of quality is reached.

The entire processof cavity definitionand remeshing is performed
automatically with no user intervention. The remeshing process is
efficient and typically takes a quarter of the time that the initial
tetrahedral generation requires.

Figure 13 shows the number of faces left in the mesh with a value
of R > 50 for a HSCT aircraft without engines. Initially, 230 faces



MCMORRIS AND KALLINDERIS 981

Fig.12 Significant savings in number of triangles are realized because
of the use of leading and trailing edge line segments for the M6 wing.
The top mesh is an isotropic mesh with 39,290 faces. The bottom mesh is
an anisotropic mesh with 6333 faces. Note that even though the isotropic
mesh has six times the number of faces, the anisotropic mesh has the
same chordwise point distribution.

250 T T T T T T T

200

150

100

Number of Faces with R > 50
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Fig. 13 Elimination of areas with large variation in local cell sizes for
the HSCT aircraft without engines. Number of faces with volume ratio
R > 50 left after each local remeshing.

had R > 50. After eight remeshing iterations,no faces with R > 50
were left. The graph shows that the automatic partial remeshing
method was effective in eliminating these low-quality regions from
the mesh.

III. Applications of the Octree-Advancing
Front Method

Surface meshes and tetrahedral grids were generated for a variety
of geometries to demonstrate the effectiveness of the developed
octree-advancing front grid generator. The geometries presented
here include the HSCT aircraft configurations with and without
engines and a turbine blade with narrow tip clearance. A viscous
flow simulation is presented over the HSCT configuration with-
out engines to demonstrate the validity of the generated grids. The
finite volume scheme used for the numerical simulations uses cen-
tral space differencing and Lax—Wendroff time marching. Scheme
operations are cast in edge-based form. The details regarding the
Navier—Stokes solver are presented in Ref. 28.

A. Surface Meshes

The octree-advancingfront method was used to generatedifferent
surface meshes for the HSCT configuration with engines. Figure 10
shows two different meshes with different levels of coarseness. The
top mesh has 4401 triangular faces, and the bottom mesh has 20,106
faces. The same octree was used to generate both meshes. The only
parameter varied was ¢ the scaling parameter in Eq. (1). Figure 14
shows closeups of various regions of the 20,106-face mesh. Each of
these views shows how the octree-advancingfront method was able
to generate small faces in areas of high curvature and was thus able
to resolve the details of the geometry with a reasonable number of
faces. In both cases, the smooth transition the octree provides from
small faces in areas of high curvature to large faces in flat regions
of the surface.

Figure 15 shows an anisotropic surface mesh for the HSCT with
a flow-through engine. The anisotropic mesh has 30,189 faces,
whereas a similar isotropic case has 60,583 faces. The anisotropic

Wing-body junction Engine region

Fig. 14 Closeup views of a surface mesh for the HSCT configuration
with engines. The mesh shown has 20,106 faces.

Fig. 15 Anisotropic surface mesh for the HSCT with flow-through
engines. Anisotropic regions near the leading and trailing edge of the
wing are shown. The mesh has 30,189 faces; a similarly spaced isotropic
mesh would have 60,583 faces.
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Fig. 16 Linear scaling of the octree generation time with number of
octants: , HSCT aircraft surface and———, partial-flap wing surface.

mesh has reduced the number of faces by a 2:1 ratio. The figure
shows how the use of anisotropic line segments reduces the number
of points on the wing in the spanwise direction while maintaining
the same number of points in the chordwise direction. The octree
generatesthe fine mesh required in the chordwisedirection, whereas
anisotropic line segments allow for a larger lateral mesh spacing;
hence, the octree reduces the number of faces required in this region
of the mesh.

The generation of the octree for each of the previous cases is a
fast process that scales linearly with the number of octants gener-
ated. Figure 16 shows how the time varies with number of octants
generated for the both the HSCT aircraft and the partial-flap wing
surface. The figure shows a linear relationshipbetween time to gen-
eratethe mesh and numberof octants generated. It also shows thatthe
overall time it takes to generate a fine octree is on the order of min-
utes. The timings were performed on an IBM RS/6000 model 390
workstation.

B. Hybrid Meshes

The suitability of the octree-advancing front method for hybrid
meshes is demonstrated through its application to different geome-
tries. The method is used to generate the tetrahedral part of hybrid
prismatic/tetrahedral meshes for both the HSCT aircraft with and
without engines and a turbine blade with narrow tip clearance. The
tetrahedralpart of each of these hybrid grids was generated by using
the octree-advancing front method, whereas the prismatic meshes
were generated by using the method described in Refs. 16 and 17.
Automatic partialremeshing was appliedto allhybrid meshes shown
in this section. A Navier—Stokes flow simulation is shown around
the HSCT aircraft to demonstrate the validity of the hybrid mesh
for viscous flow calculations.

The first case that is considered to test the robustness and univer-
sality of the developed octree-advancing front grid generator is the
HSCT configuration with engines. Figure 3 shows a view of the ini-
tial surface. The surface was composed of 20,784 triangular faces.
The hybrid grid consisted of 39 layers of prisms (810,576 prismatic
cells) and 487,854 tetrahedral cells.

An isometric view of the hybrid grid is shown in Fig. 17. The
figure shows the mesh on two planes that are perpendicularto each
other. The first plane is that of the symmetry, which shows the quadri-
lateral signature of the prisms along with the triangular signature of
the tetrahedra. The second plane is a field cut along the fuselage
that illustrates the three-dimensionalhybrid nature of the grid. The
structureof the prisms and the smooth transitionfrom prismsto tetra-
hedraare worth observing. The size of the elements varies smoothly
at the prism/tetrahedra interface in the region of the engine cavity.
Figure 18 is a field cut along the fuselage that better illustrates the
cavity region and the smooth variation in prismatic cell thickness
away from the cavities. It shows that the tetrahedra match the local
prism cell sizes relatively well even in the cavity where local length
scales are as much as 200 times as small as those away from the
cavity.

The tetrahedra generation processtakes on the order of 30 min for
a typical geometry. Figure 19 shows the time required to generate
tetrahedra for a hybrid mesh for the HSCT without engines. To
generate the different meshes, the same octree was used and the
value of the stretching parameter, s¢ in Eq. (1), was varied. The

Fig. 17 View of the hybrid mesh around the HSCT aircraft with en-
gines on two different planes that are perpendicular to each other. The
first plane is that of the symmetry, and the second is a field cut inter-
secting the fuselage and engine.

Fig. 18 Closeup of the hybrid grid for the HSCT aircraft around the
engine cavity. The tetrahedral mesh is very dense here compared to
other regions so as to match the thin local prism cell sizes.

figure shows that the time to generate tetrahedra scales linearly
even when 500,000 tetrahedra are generated. These timings were
performed on the same IBM model 390 workstation.

Supersonic flow around the HSCT without engines at M = 3.0
and a Re = 10° is considered to check the validity of the method
for generating meshes for flow simulations. The hybrid grid used in
the simulation consists of 176,480 prisms and 171,483 tetrahedra.
Generationofthe prismstook about 90 s onan IBM 390 workstation;
generationof the tetrahedratook about 27 min on the same machine.
A view of the entropy contours along with the hybrid mesh for the
HSCT is shown in Fig. 20. The cut has been taken along the axis
perpendicularto the fuselage (x = 180). Note thatthe irregularityof
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Fig.19 Linear scaling of the tetrahedra generation time with number
of tetrahedra for the HSCT aircraft.

Fig. 20 Plane cut along the fuselage showing the hybrid mesh as well
as the corresponding entropy contours. The hybrid grid interface has
no adverse effects on the accuracy of the solution. Case of supersonic
flow (Moo = 3.0, Re = 10°, = 5.0 deg) around the HSCT aircraft.

Fig. 21 Field cuts of the hybrid mesh around a turbine blade with
narrow tip clearance. The two field cuts are on perpendicular surfaces
intersecting the blade.

the mesh is due to the fact that the grid is not coplanar with the cut.
The recirculationregion s clearly visible at the junction betweenthe
wing and the fuselage. Furthermore, a qualitative assessment of the
contour lines indicates that the numerical solution is not affected by
the transition from prisms to tetrahedra because there are no abrupt
changes in the contours at the interface.

The final case considered to demonstrate the robustness and uni-
versality of the developed octree-advancingfront grid generatoris a
turbine blade with narrow tip clearance. The surface was composed
of 13,663 triangular faces. The hybrid grid consisted of 14 layers
of prisms (191,282 prismatic cells) and 415,086 tetrahedral cells.
Figure 21 shows two perpendicular field cuts of the hybrid mesh
around the blade in this geometry. The tetrahedra were able to eas-
ily match the prismatic thickness everywhere, including the small
gap betweenthe tip of the blade and the shroud. Note that the octree-
advancing front method was able to mesh an internal geometry as
easily as the external geometries presented earlier.

IV. Concluding Remarks

The octree-advancing front method provided an automatic
method for generating unstructured meshes. The method was ef-
fective in generating surface triangulations for different complex
geometries including the partial-flap wing and the HSCT aircraft.
The octree allowed surface triangulationsto be generated that cap-
tured all of the geometry features with a minimum number of faces.
The octree also provided for a smooth variationof grid size over the
entire surface mesh. The time required for octree generation was
proportional to the number of elements generated.

Anisotropic surface meshes were generated by using the octree
and minimal user input. These anisotropicmeshes resultedina 6.2:1
reduction in the number of faces generated. Smooth transition be-
tween the different regions of directionality was also accomplished.

Generation of tetrahedra via the advancing front method was also
made simpler and more automatic by eliminating the traditional
user-defined background mesh for determination of mesh spacing.
An automatically generated octree guided the growth of the tetra-
hedra and enabled a smooth transition of the mesh from the prisms
to the tetrahedra in a hybrid mesh. The universality of the octree-
advancing front method was demonstrated through its application
to different complex geometries: the partial-flap high-lift wing, a
turbine blade with a narrow tip clearance, and the HSCT aircraft
configuration with and without engines. The HSCT aircraft config-
uration demonstrated that the method is flexible enough to adapt to
200:1 size variationsinthe locallength scale. Localremeshing of the
tetrahedral mesh proved very effective in removing areas of abrupt
changes in sizes of the tetrahedra. The time required for generation
of tetrahedra was proportionalto the number of elements generated.
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